Reporter gene expression at single-cell level characterized with real-time RT-PCR, chemiluminescence, fluorescence, and electrochemical imaging  by Shiku, Hitoshi et al.
FEBS Letters 584 (2010) 4000–4008journal homepage: www.FEBSLetters .orgReporter gene expression at single-cell level characterized with real-time
RT-PCR, chemiluminescence, ﬂuorescence, and electrochemical imaging
Hitoshi Shiku a,*, Daisuke Okazaki a, Junya Suzuki a, Yasufumi Takahashi a, Tatsuya Murata a,
Hidetaka Akita b, Hideyoshi Harashima b, Kosuke Ino a, Tomokazu Matsue a,**
aGraduate School of Environmental Studies, Tohoku University, Aramaki-Aoba 6-6-11, Sendai 980-8579, Japan
b Faculty of Pharmaceutical Sciences, Hokkaido University, Kita 12 Nishi 6, Kita-Ku, Sapporo, Hokkaido 060-0812, Japana r t i c l e i n f o
Article history:
Received 24 May 2010
Revised 31 July 2010
Accepted 5 August 2010
Available online 11 August 2010
Edited by Paul Bertone
Keywords:
Transcription
Translation
Single-cell analysis
Reporter assay0014-5793/$36.00  2010 Federation of European Bio
doi:10.1016/j.febslet.2010.08.008
* Corresponding author. Fax: +81 22 795 7209.
** Corresponding author.
E-mail addresses: shiku@bioinfo.che.tohoku.ac.jp (
che.tohoku.ac.jp (T. Matsue).a b s t r a c t
mRNA from single cells was quantiﬁed using real-time RT-PCR after recording the address and
reporter protein activity with chemiluminescence, ﬂuorescence, and electrochemical techniques,
using luciferase, green ﬂuorescent protein, and secreted alkaline phosphatase. mRNA copy number
ranging from below 103 to 107 in single cells showed a lognormal distribution for both externally
introduced reporter genes and internally expressed genes. The ﬂuctuation in the gene expression
decreased with the increase of the number of cells picked but did not decrease with the increase
of mRNA copy number per cell. We found that the correlation coefﬁcients for mRNA and protein
expression in logarithmic plot at single-cell level were much lower than 1.00.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Single-cell analysis has become important in the attempt to
understand the mechanisms underlying the principles of life sci-
ence, especially the fundamental nature of diversity and plasticity
in biological cellular systems. Typical examples illustrating the sig-
niﬁcance of single-cell analysis are provided by surveys of multipo-
tent marker proteins in various stem cell systems and
differentiation processes [1–3]. It is now recognized that the level
of gene expression varies widely at the single-cell level in undiffer-
entiated cells, even for cells from clonal populations. Surprisingly,
sorted cellular fractions with higher or lower expression levels of a
stem cell marker started to change their distribution within 9 h of
culture, but reestablished the original broad distribution after
216 h [1]. Another ﬁeld of study is single-cell noise analysis in
which reporter genes were introduced into bacteria [4,5], yeast
[6], or mammalian cells [7,8]. Mathematical models were intro-
duced for the quantitative analysis of the dynamics and stability
of cellular status at the genome, transcriptome, proteome, and/or
metabolome levels. This type of single-cell study showed that thechemical Societies. Published by E
H. Shiku), matsue@bioinfo.-mRNA [9–17] and protein expression [1–8] levels show extreme
ﬂuctuation in not only undifferentiated but also all kinds of cells.
However, experimental system to simultaneously monitor the
expression levels of mRNAs and proteins in a single-cell experi-
mental system has been limited in the present stage. Raj et al.
investigated the correlation between protein and mRNA expres-
sions of GFP from ﬁxed individual mammalian cells [7]. In their
experiment, the protein and mRNA were quantiﬁed by ﬂuores-
cence imaging and ﬂuorescence in situ hybridization (FISH),
respectively. However, FISH it not appropriate to quantify more
than 103 copies of mRNA molecules. In contrast, PCR-based mRNA
analysis is expected to provide information about single-cell gene
expression with a much wider dynamic range. Single-cell PCR anal-
ysis has been successfully applied to analyze stochastic nature of
single-cell system based on lognormal distribution of mRNA copy
number per cell by utilizing manual cell picking [9], microﬂuidic
digital PCR device [10], and laser microdissection [17]. Unfortu-
nately, these techniques have not been applied yet for mRNA anal-
ysis with extremely large mRNA copy number per cell.
In the present study, mRNAs and proteins from individual cells
were quantiﬁed in three reporter systems: luciferase (Luc), green
ﬂuorescent protein (GFP), and secreted alkaline phosphatase
(SEAP). The three types of reporter protein were evaluated using
chemiluminescence (CL), ﬂuorescence (FL), and electrochemical
techniques, respectively. For each cell, we quantiﬁed the protein
expression level and estimated the mRNA expression level bylsevier B.V. All rights reserved.
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plasmid vectors were used as a model single-cell system to verify
whether stochastic nature was still observed or not for an
extremely higher mRNA expression activity with 107 copies per
cell.2. Materials and methods
2.1. Chemicals and materials
RPMI-1640 (Gibco Invitrogen, Tokyo, Japan), fetal bovine serum
(FBS; Gibco), penicillin/streptomycin (Gibco), Opti-MEM I medium
(Gibco), Lipofectamine™ 2000 (Invitrogen), 3,3,4,4,5,5,6,6,6-non-
aﬂuorohexyl trichlorosilane (LS-912; Shin-Etsu Chemical Co.
Ltd.), and other chemicals were used as received. p-Aminophenyl-
phosphate monosodium salt was purchased from LKT Lab Inc. or
donated by Prof. Uichi Akiba of Akita University.
2.2. Cell culture and transfection
HeLa cells were donated by the Cell Resource Center for Bio-
medical Research (Tohoku University) and seeded at a density of
5  105 cells in RPMI-1640 medium containing 10% FBS, without
antibiotics. After 1 day of culture, transfection was performed by
addition of 500 lL Opti-MEM I medium containing 8  104 ng/
ll plasmid and 10 lL Lipofectamine 2000 for 5 h. Subsequently,
the transfection medium was changed to pure culture medium
and the cells were incubated at 37 C for 24 h. All plasmid DNA
vectors including Luc (pGL3), GFP (pAcGFP-N1), and SEAP
(pNFKB-SEAP) were purchased from Clontech and BD Sciences.
HeLa-Luc-stable was established as described in the literature
and donated by H. Akita, Hokkaido University [18]. The averaged
luc gene copy number per cell at DNA level was 3. Single-cell CL
imaging for HeLa-Luc-stable was not possible due to a relatively
lower protein expression level.
2.3. Quantiﬁcation of reporter protein based on chemiluminescence
and ﬂuorescence imaging
Luc and GFP protein expression activities from single cells were
quantiﬁed with a CL and FL imaging system, respectively. CL imag-
ing was performed with an inverted optical microscope (Olympus
IX71) to which was attached a high-sensitivity CCD camera (Evolve
512; Photometrics) and image analysis software (Aquacosmos;
Hamamatsu Photonics) in culture medium containing 500 lM
luciferin. Cells showing CL intensity higher or lower than 104
counts per min were categorized as HeLa-pLuc(+CL) and HeLa-
pLuc(CL), respectively. Single-cell pick-up was subsequently per-
formed on the same inverted microscope using a micromanipula-
tor system. For FL imaging, an Hg lamp was used as the light
source and ﬂuorescence signals in culture medium were detected
with a CCD camera (PD71; Olympus). Filter block (Ex, 450–
490 nm; Em, 520 nm) was selected. Cells showing FL intensity
higher and lower than 105 counts per 6 s were categorized as
HeLa-pGFP(+FL) and HeLa-pGFP(FL), respectively.
2.4. Electrochemical technique
SEAP protein expression was quantiﬁed using an electrochemi-
cal technique [19]. HeLa cells transfected with pNFKB-SEAP vector
were incubated in 100 nM TNF-a for 24 h before being seeded on
PDMS microwells (+TNF). As a control, the same transfected HeLa
cells were incubated in culture medium (TNF). The PDMS micro-
well array was fabricated by using a SU-8 master on a silicon wafer.
The depth and diameter of the PDMS microwells were 30 lm.Medium containing cultured cells was poured over the PDMS
microwell array. After the single cells were trapped in the micro-
wells, the surface was rinsed with fresh medium to remove cells
outside the microwell. Next, the single-cell array was placed in
3 mL of a measuring solution containing 1.0 mM PAPP and HEPES
buffer (pH 9.5). A two-electrode system comprising a Pt microdisk,
with a diameter of 20 lm, as the working electrode and an Ag/AgCl
reference/counter electrode was used for electrochemical mea-
surements. The position of the Pt microelectrode was controlled
with a motor-driven XYZ positioner (Chuo-Seiki M9103). Chrono-
amperometric measurements for individual HeLa cells were per-
formed on PDMS microwell to isolate the volume of the
measuring solution surrounded by the walls of the microelectrode
and the PDMS microwell [20]. The tip potential was maintained at
0.0 V for 1 min to accumulate the product, p-aminophenol (PAP),
within the microwell. Then, the tip potential was stepped to
0.3 V to oxidize the PAP that accumulated in the microwell. The
current response was converted to the electric charge (Q/nC) by
time integration of the current and taken as protein activity. The
response for the vacant microwell was subtracted as background.
2.5. Single-cell pick-up system
A glass capillary tube (1.5 mm o.d., 0.86 mm i.d.; Harvard Appa-
ratus) was pulled with a capillary puller (model PN-3; Narishige)
and cut with precision scissors to form a microcapillary tip with
an outer diameter of 10–20 lm [13]. The surface of the microcap-
illary probe was modiﬁed with ﬂuorosilane LS-912
(3,3,4,4,5,5,6,6,6-non-aﬂuorohexyltrichlorosilane; Shin-etsu Chem.
Ind. Co., Ltd.) by gas-phase silanization under a nitrogen atmo-
sphere for 2 h at room temperature. The ﬂuorosilane coating pro-
cess was essential to prevent the adsorption of cytosol and
nucleic acids on the inner/outer glass surface of the probe. Before
use, the microcapillary probe was washed with 99.5% ethanol,
dried, and exposed to UV irradiation on a clean bench (Oriental Gi-
ken Inc.) for more than 30 min. The microcapillary probe was used
to pick single cells from a monolayer cultured in medium (RPMI-
1640 or DMEM-F12) under observation with an Olympus IX71
microscope. The position of the probe was controlled using an
oil-derived three-axis manual micromanipulator (MNO-203;
Narishige). The capillary was exchanged for each single-cell pick
up process. The single-cell pick-up operation was accomplished
within 30 min after the CL, FL imaging or electrochemical
evaluation.
2.6. Single-cell mRNA analysis
Collected solution with a volume of less than 1 lL and contain-
ing a single- or lysed cell was transferred into a 0.2 mL PCR tube.
Lysis buffer (Lysis Buffer RLT from RNeasy Micro Kit; Qiagen) solu-
tion (75 lL) was further added to the PCR tube and vortexed. The
RLT buffer functions to deactivate RNase and stabilize the RNA.
Carrier RNA (Qiagen) (5 lL) was added in order to prevent the loss
of the objective mRNA. Total RNA puriﬁcation was performed
according to the protocol for the RNeasy Micro Kit (Qiagen). The
RT reaction was carried out to synthesize ﬁrst-strand cDNA accord-
ing to the protocol for the QuantiTect reverse transcription kit
(Qiagen) at 42 C for 30 min (RT reaction) followed by 95 C for
3 min (deactivation of RTase). Synthesized cDNA sample solutions
with a ﬁnal volume of 20 lL were stored at 80 C. qPCR was per-
formed using the LightCycler 1.5 System (Roche) and the Light-
Cycler Fast Start DNA Master kit (Roche) with a total volume of
20 lL in glass capillaries. Two microliters of a cDNA sample,
1.6 lL of 25 mM MgCl2, 1 lL of 10 lM forward (Fw) primer, 1 lL
10 lM reverse (Rv) primer, 2 lL of SYBR Green, and 12.4 lL of
H2O were added. After initial denaturation at 95 C for 10 min, 45
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Fig. 1. (a) CL image, the color of which does not reﬂect the wavelength of Luc emission,
HeLa cells were categorized as having signiﬁcant chemiluminescence, +CL or no lumin
suction method. (c–h) Cumulative rates as a function of log (Luc), log (GAPDH), and log (L
by RT-qPCR. Solid and gray lines indicate +CL and CL, respectively. Theoretical log
(cumulative density function; c, e, g) were derived from the experimentally obtained me
and g, P < 0.001; e, P = 0.007; t-test. Variances of the distribution were identical due topair as mentioned below for 10 s, and extension at 72 C for 9 s.
Primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH;g
h
overlaid on an optical image of HeLa cells transfected with pGL3 vector. Transfected
escence, CL. Scale bar, 100 lm. (b) Single cells were collected using the capillary
uc/GAPDH). The absolute mRNA copy numbers of Luc and GAPDH were determined
normal distribution curves (probability function; d, f, h) and their accumulation
an and S.D. values listed in Table 1. Arrows indicate mean on a logarithmic scale. c
P = 0.08, 0.52, and 0.21 for c, e, and g; F-test.
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Accession No. U47123), green ﬂuorescent protein (GFP; Accession
No. AY151052), and secreted alkaline phosphatase (SEAP, Genbank
Accession No. U89938) were designed and synthesized by Nihon
Gene Research Laboratories Inc. The actual sequences, amplicon
sizes, and annealing temperatures of the primers were as follows.
GAPDH (Fw) 50-TGAACGGGAAGCTCACTGG-30, (Rv) 50-TCCAC-
CACCCTGTTGCTGTA-30, 307 bp, 62 C; Luc (Fw) 50-GGT CCT ATG
ATT ATG TCC GGT TAT-30, (Rv) 50-ATG TAG CCA TCC ATC CTT GTC
AAT-30, 78 bp, 62 C; GFP (Fw)50-CCG ACC ACT ACC AGC AGA A-
30, (Rv) 50-GGT CAC GAA GCC GAA GTA-30, 140 bp, 60 C; SEAP
(Fw) 50-TTC GAG CAG ACA TGA TAA GA-30, (Rv) 50-GCA ATA GCA
TCA CAA TTT CAC-30, 100 bp, 60 C. The copy number of cDNA from
single-cell samples was estimated from the calibration curve for
the standard DNA sample encoding GAPDH, Luc, GFP, and SEAP.
The calibration curves are shown in Supplementary data (Fig. S1).
For the four genes, the linearities of the calibration curves were
excellent and the PCR efﬁciencies were all in the range of 95–
100%. Standard samples to estimate mRNA copy number for GAP-
DH, Luc, and GFP were synthesized by Nihon Gene Research Labo-
ratories Inc. For SEAP, plasmid vector pSEAP2-Control (Clontech,
BD Biosciences) was used as received.
3. Results
Luc was transiently introduced into HeLa cells by the use of a
commercially available plasmid vector encoding CMV promoter
upstream of the ﬁreﬂy Luc gene. We investigated mRNA and pro-
tein expression as a function of time after lipofection, and found
that mRNA expression reached maximum 12–24 h after lipofection
and became almost zero 7 days after lipofection. Luc mRNA can beTable 1
Parameters obtained for all experimental conditions in this study, including sample numbe
shown on a logarithmic scale and were used to obtain theoretical lognormal distribution
Category Gene N lArth
Luc
pLuc(+CL) GAPDH 21 2014
Luc 21 858 932
Luc/GAPDH 21 807
Protein 21 1947 648
pLuc(CL) GAPDH 9 5988
Luc 9 15 219
Luc/GAPDH 9 4.82
Luc-stable (1-cell pick) GAPDH 11 1514
Luc 11 650
Luc/GAPDH 11 1.29
Luc-stable (4-cell pick) GAPDH 8 1605
Luc 8 772
Luc/GAPDH 8 0.48
Non-Cell GAPDH 6 10 432
Luc 6 14 193
GFP
pGFP (+FL) GAPDH 18 3954
GFP 18 24 233
GFP/GAPDH 18 20.05
Protein 18 757 742
pGFP (FL) GAPDH 20 1798
GFP 20 814
GFP/GAPDH 20 1.92
SEAP
pNFkB-SEAP (+TNF) GAPDH 8 911
SEAP 8 4599
SEAP/GAPDH 8 4.63
Protein 8 5.15
pNFkB-SEAP (TNF) GAPDH 7 3140
SEAP 7 2610
SEAP/GAPDH 7 1.26
Protein 7 2.41
Note: lArt ¼ 1N
PN
i¼1xi , lGeo ¼ ð
QN
i¼1xiÞ1=N, Mean ¼ 1N
PN
i¼1ðlog xiÞ, skewness indicates a mesynthesized without stimulation, but the vector itself is lost from
the cell during the passage process. The CL intensity from individ-
ual cells, 24 h after lipofection, was recorded as an indicator of pro-
tein expression activity with a high-sensitivity CCD camera and
image analysis software (Fig. 1(a)). Cells with CL intensity higher
and lower than 104 counts per min were categorized as HeLa-
pLuc(+CL) and HeLa-pLuc(CL), respectively. Subsequently, the
cells were picked up with a capillary probe connected to a dispos-
able syringe (Fig. 1(b)). Each single cell collected was placed in a
PCR tube ﬁlled with cell lysis buffer, after which RT-qPCR was
performed.
Fig. 1(c) shows cumulative frequency curves as a function of
log10 (Luc mRNA copy number) for HeLa-pLuc(+CL) and HeLa-
pLuc(CL) cells. The theoretical cumulative frequency curves
(Fig. 1(c), overlaid) and relative frequency curves (probability func-
tion, Fig. 1(d)) for the lognormal distribution were also derived by
introducing the mean and standard deviation (S.D.), obtained
experimentally, on a logarithmic scale of the individual data
points. The histograms of internally expressed GAPDH and relative
Luc expression normalized to GAPDHwere in good agreement with
the lognormal distribution (Fig. 1(e–h)). Important parameters ob-
tained for all experimental conditions in this study, including the
arithmetic mean (lArt) and geometric mean (lGeo), are listed in Ta-
ble 1. The mean S.D. and skewness were expressed on a logarith-
mic scale and used to obtain theoretical lognormal distribution
curves.
For +CL and CL cells, the experimental and theoretical results
were in very good agreement. The F value was small enough to as-
sume identical variance of the two distributions (F = (s1/s2) = 2.66,
P = 0.08, where s1 and s2 are the variances of +CL and CL, respec-
tively). There was a signiﬁcant difference in the mean valuer (N), arithmetic mean (lArt) and geometric mean (lGeo). Mean, S.D., and skewness are
curves.
lGeo Mean S.D. S.D./mean Skewness
1136 3.0553 0.4932 0.1614 0.0456
237 572 5.3758 0.7855 0.1461 0.0097
209 2.3205 0.8211 0.5367
931 059 5.9690 0.5535 0.0927 0.1122
4265 3.6299 0.4903 0.1351 1.9172
9135 3.9607 0.4815 0.1216 0.0484
2.14 0.3308 0.6227 0.2324
937 2.9719 0.4810 0.1618 0.4173
416 2.6195 0.5265 0.2010 1.3540
0.44 0.3525 0.7791 0.8589
1402 3.1469 0.2530 0.0804 0.6126
627 2.7973 0.3098 0.1108 0.3853
0.45 0.3496 0.1912 0.8256
10 364 4.0155 0.0542 0.0135 0.3631
14 031 4.1471 0.0721 0.0174 0.0534
1240 3.0933 0.6613 0.2138 0.5581
5635 3.7509 0.8074 0.2153 0.1692
4.55 0.6576 0.8580 0.0019
680 163 5.8326 0.2113 0.0362 0.2112
1175 3.0699 0.4190 0.1365 0.0230
217 2.3355 0.7486 0.3205 0.4407
0.18 0.7344 0.9257 0.5995
785 2.8950 0.2700 0.0933 0.7544
2866 3.4573 0.4048 0.1171 1.2511
3.65 0.5623 0.3088 0.5268
4.51 0.6543 0.2827 0.4321 2.0951
2793 3.4461 0.2303 0.0668 0.0546
1851 3.2673 0.3945 0.1207 0.2282
0.66 0.1788 0.5267 0.5368
1.54 0.1881 0.4612 2.4514 0.2232
asure of the asymmetry of the probability function [9].
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found a statistical difference in mRNA copy number per cell be-
tween the two sorted groups based on protein expression (+CL0.2
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Fig. 2. (a–d) Cumulative rates as a function of log (Luc) and log (GAPDH) from a non-cel
distribution curves (b and d) and their accumulation (a and c) were derived from experim
function of log (Luc) and log(GAPDH) from four-cell pick-up of HeLa-Luc-stable (solid lin
were evaluated by F-test: a and c, P < 0.001; e and g, P = 0.09 and 0.05, respectively.andCL). Thus, there was a correlation betweenmRNA and protein
expression at the single-cell level. This should be borne in mind
when reading a later section of this article, where we show that0
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sion at the single-cell level was much lower than 1.00.
In the following experiments we used a HeLa strain stably
expressing Luc, HeLa-Luc-stable [18]. HeLa-Luc-stable is a strain
that maintains CL activity during passage because Luc is inserted
in the genomic DNA of the host cell. In HeLa-Luc-stable cells, Luc
is continuously expressed in the absence of any stimulus. Real-
time PCR was also carried out in a non-cellular system to establish
that noise from single-cell experiments could be clearly distin-
guished amongst the noise from PCR instruments and operation.
A DNA standard sample was prepared to contain the same amount
of DNA as a single cell (0.3 lL volume of a non-cell sample contain-
ing GAPDH and Luc at concentrations of 5.0  104 copies/lL). The
non-cell sample was collected with a glass capillary probe, and
the protocol was the same as that used for the single-cell analysis.
As expected, the distributions of Luc and GAPDH from the non-cell
sample were very narrow compared with those from single cells
(Fig. 2(a–d)). The F values were very large (F = (s1/s2) = 53,
P < 0.001 for Luc and F = 79, P < 0.001 for GAPDH, where s1 and s2
are the variances for single-cell and non-cell samples, respectively)
and the variances were not statistically identical. This result clearly
demonstrates that the noise level from the PCR instruments and
operations can be separated with ease from the ﬂuctuation of
mRNA expression in single cells.
Next, our single-cell analysis procedure was used for more than
two cells. In this experiment, two to four cells were picked up with
a single capillary suction device and then cDNA synthesis and qPCR
were performed. Again, the width of the curve obviously became
narrow (Fig. 2(e–h)). The F value was large (F = (s1/s2) = 2.89,
P = 0.09 for Luc and F = 3.61, P = 0.05 for GAPDH, where s1 and s2
indicate the distribution for single-cell and four-cell pick-up,
respectively), although the difference in variance was not statisti-
cally signiﬁcant. Previous studies indicated that the ﬂuctuations
decreased as the number of cells picked increased [12,13,15].The
mean values of mRNA copy number for single-cell and four-cell
experiments, normalized by cell number, were in very good
agreement.
Because we performed absolute quantiﬁcation of mRNA copy
number from single cells, it is also possible to discuss the differ-
ences in variance between the Luc and GAPDH genes. Interestingly,
the variances of Luc (s1) and GAPDH (s2) were statistically different
for HaLa-pLuc (+Luc) (F = (s1/s2) = 2.54, P = 2.2  102), whereas the
variances were identical for HeLa-pLuc (Luc) (F = 0.96, P = 0.48)
and HeLa-Luc-stable (F = 1.20, P = 0.39). The Luc mRNA copy num-
ber for transiently transformed cells (HeLa-pLuc (+Luc)) appeared
to have a very wide distribution compared with Luc mRNA for
the stable cell line, HeLa-Luc-stable and the internally expressedy = -
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Fig. 3. Logarithms of CL output log (protein) versus log (Luc mRNA), log (GAPDH mRNA) a
respectively.GAPDH mRNA. Expression of mRNA with copy number greater
than 105 per cell is only possible by artiﬁcially introducing external
genes using vectors.
Fig. 3 shows logarithmic plots of chemical luminescence output
log (protein) versus log (Luc mRNA), log (GAPDH mRNA), and lo-
g (Luc/GAPDH). The R values for the linear plot versus Luc, GAPDH,
and (Luc/GAPDH) were 0.52, 0.17, and 0.76, respectively, and the
R values for the corresponding logarithmic plots were 0.35, 0.15,
and 0.43, respectively. It is noteworthy that the R value for GAPDH
was much smaller than that for Luc. This is reasonable because
GAPDH mRNA is only slightly related to Luc protein expression.
The R value for (Luc/GAPDH) was identical to that for Luc, and ele-
vation of the noise level was not observed when the Luc mRNA
copy number was normalized to GAPDH. In the above section,
we focused on the Luc reporter system and pointed out several sig-
niﬁcant ﬁndings. (1) mRNA copy number per cell ranging 103 to
107 showed a lognormal distribution for both externally intro-
duced reporter genes and internally expressed genes. (2) The R va-
lue between mRNA and protein expression at the single-cell level
was much lower than 1.00.
We veriﬁed these ﬁndings with other reporter systems, GFP and
SEAP. GFP was transiently introduced into HeLa cells by the use of
plasmid vector pAcGFP-N1. Cells showing an FL intensity higher or
lower than 105 counts per 6 s were categorized as HeLa-pGFP(+FL)
and HeLa-pGFP(FL), respectively. The results are shown in Fig. 4(a
and b), together with microscopic images. Cumulative frequency
curves as a function of GFP, GAPDH, and GFP/GAPDH are shown
on a logarithmic scale (Fig. 4(c) and Supplementary data Fig. S2).
Theoretical cumulative frequency and relative frequency curves
were also derived by assuming the experimentally obtained mean
and S.D. values (see Table 1). The results obtained for the GFP sys-
tem were qualitatively the same as those obtained for the Luc sys-
tem. Plots of log (protein) versus log (GFP mRNA), versus
log (GAPDH mRNA), and versus log (GFP/GAPDH) are shown in
Supplementary data Fig. S3. The R values for the linear plot versus
GFP, GAPDH, and (Luc/GAPDH) were 0.14, 0.25, and 0.21, respec-
tively, and the R values for the corresponding logarithmic plots
were 0.10, 0.098, and 0.17, respectively. We also found that the
slope of the line obtained by the minimum square method for
the reporter protein versus the reporter mRNA copy number was
much larger (often with the opposite sign) than the slope of the re-
porter protein versus mRNA copy number of the internally ex-
pressed gene, for both Luc and GFP (Figs. 3 and S3).
Finally, cellular signal transduction was monitored as mRNA
and protein expression at the single-cell level. We selected the
NFjB pathway as a model, in which the NFjB protein complex
binds to the jB element, triggering transcription of genes down-0.1695x + 6.4868
3 3.5 4
DH)
y = 0.2873x + 5.3023
4
4.5
5
5.5
6
6.5
7
7.5
0 1 2 3
log(Luc/GAPDH)
R = -0.15 R = 0.43
4
c
nd log (Luc/GAPDH). R for Luc, GAPDH, and (Luc/GAPDH) was 0.35, 0.15, and 0.43,
Fig. 4. (a and b) FL and optical images of HeLa cells transfected with pAcGFP-N1 vector. Transfected HeLa cells were categorized as showing signiﬁcant ﬂuorescence, +FL, or
no ﬂuorescence, FL. Scale bars, 100 lm. (c and d) Cumulative rates as a function of log (GFP/GAPDH). The absolute mRNA copy numbers of GFP and GAPDH were determined
using RT-qPCR. Solid and gray lines indicate +FL and FL, respectively. (e and f) Cumulative rates as a function of log (SEAP/GAPDH) and log (protein) from HeLa-pNFKB-SEAP
cells incubated with TNF-a (+TNF, solid line) and negative control (TNF, gray line). Theoretical lognormal distribution curves and their accumulation were derived from the
experimentally obtained mean and S.D. values listed in Table 1. (g) Log (protein) versus log (SEAP/GAPDH) for +TNF (diamond) andTNF (square). R values for +TNF andTNF
Luc were 0.20 and 0.066, respectively. SEAP reporter protein activity was evaluated electrochemically. Arrows indicate the mean on a logarithmic scale. c, P < 0.001; e,
P = 0.005; f, P = 0.03; t-test. Variances of the distribution were identical due to P = 0.38, 0.09, and 0.11 for c, e, and f; F-test.
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H. Shiku et al. / FEBS Letters 584 (2010) 4000–4008 4007stream of the promoter region [19,20]. HeLa cells were transfected
with the plasmid vector pNFjB-SEAP (HeLa–pNFjB-SEAP), and se-
creted SEAP upon stimulation with a cytokine such as TNF-a.
Fig. 4(e and f) shows the lognormal cumulative plots and theoret-
ical curves as a function of log (SEAP/GAPDH) before and 24 h after
stimulation with TNF-a. The relative expression of SEAP mRNA
normalized to GAPDH after TNF-a stimulation was statistically
greater than that before stimulation (P < 0.001, t-test). Electro-
chemical responses were evaluated as SEAP reporter protein
expression activity [21–23]. Fig. 4(g) shows log (protein) versus
log (SEAP/GAPDH). The R value for the logarithmic plot was 0.20
and 0.066 for +TNF and TNF, respectively. This result suggests
that cellular signal transduction can be monitored from single cells
because of transcription and protein levels.4. Discussion
We focused on verifying whether stochastic nature in single cell
system was still observed or not for an extremely higher mRNA
expression activity with 107 copies per cell. HeLa cells transfected
with several plasmid vectors were used as a model single-cell sys-
tem (HeLa-pLuc, HeLa-pGFP), because a high transcription activity
with mRNA copy number greater than 105 per cell is only possible
by artiﬁcially introducing external genes using vectors. In our
experiment, HeLa strain stably expressing Luc (HeLa-Luc-stable)
and non-cell sample were also investigated with the same experi-
mental system. A logarithmic plot [9,10] of the ﬂuctuating mRNA
copy number from single-cell analysis was found to be very pow-
erful and widely applicable, allowing statistical comparison of vari-
ances (F-test) and means (t-test) and evaluation of the correlation
between different genes and hierarchical relations between tran-
scriptional and translational activity at the single-cell level. A log-
normal distribution of the number of mRNA molecules within a
cell was valid not only for internally expressed genes but also for
externally introduced genes with 107 copies per cell. This is an
unexpected ﬁnding because it has been assumed that a relatively
small number of molecules (<103) of mRNA or protein within the
cell generate ﬂuctuations during the gene expression process,
including translation and transcription, in most mathematical
models used for single-cell noise analysis [4–8]. From the technical
point of view, direct counting of the number of mRNA molecules
was performed based on FISH [7]; however, it is very difﬁcult to
quantify more than 103 copies of mRNA molecules. PCR-based
mRNA analysis will provide information about single-cell gene
expression analysis with a much wider dynamic range, although
it is necessary to separate the noise from the noise associated with
the instrument and operation.
Recently, global-scale gene expression analysis has become pos-
sible in bulk experiment (>103 cells), to quantify almost all kinds of
mRNAandprotein expressed in bacteria, yeast andmammalian cells
[8,24–27]. In these studies,mRNAversusproteinplots in logarithmic
scale were performed. The correlation between the mRNA and pro-
teinwas found to be very poor. This result is explained bymolecular
scale non-linear mechanisms including the delay between the tran-
scription of mRNA and the translation of protein, the differences in
degradation rates formRNAand proteins, and the number of protein
molecules synthesized from a single mRNAmolecule.
In bulk experiment (>103 cells) utilizing reporter system such as
Luc and GFP, the expression levels of mRNA and protein were well
correlated as far as the time scale monitoring protein expression
was sufﬁciently long. This experiment is different from the glo-
bal-scale gene expression analysis because only one type of repor-
ter system was monitored at mRNA and protein levels. The delay
between the transcription of mRNA and the translation of protein,
the differences in degradation rates for mRNA and proteins, andthe number of protein molecules synthesized from a single mRNA
molecule are all smoothed because very large number of mRNA
and protein molecules were concerned. For example, in the GFP re-
porter system, used in this study as a model protein with a rela-
tively larger half life (t1/2 = 24 h) [28–30], the expression levels
of mRNA and protein were well correlated: When increasing the
plasmid vector concentration during the lipophection process,
expression levels of mRNA and protein increased. As we showed
in Figs. 1, 4 and S2, the copy numbers of mRNA per cell between
+CL (N = 21) and CL (N = 9), between +FL (N = 18) and FL
(N = 20) were statistically distinguishable.
Raj et al. investigated the correlation between mRNA and pro-
tein expressions of GFPs in the linear plots at single-cell level [7].
According to their theoretical calculation based on a random tran-
sition model, the R value becomes smaller with increasing t1/2; pro-
teins with t1/2 of 1.56, 25, and 200 h showed R values of 0.92, 0.43,
and 0.17, respectively. The t1/2 for Luc and SEAP were very short
(2 h) comparing to that for GFP [30,31]. Taken together, it was
suggested that our results might be supported by the theoretical
calculation that the small R values reﬂected a relatively longer
half-life of reporter proteins, because the R for Luc was slightly lar-
ger than that for GFP. The poor correlations between the mRNA and
the protein expressions at single-cell level observed in this study
and reported by Raj et al. [7] reﬂects the stochastic events occur-
ring in single-cell, even though the mRNA copy number per cell
in our experiment (107) and Raj et al. (<103) were different. Previ-
ous studies and Fig. 2(e–h) indicated that the ﬂuctuations de-
creased as the number of cells picked increased [12,13,15]
whereas the increase in the mRNA copy number per cell did not
contribute to decline the gene expression ﬂuctuation.
In conclusion, mRNA from single cells was quantiﬁed using real-
time RT-PCR after recording the address and reporter protein activ-
ity with CL, FL, and electrochemical techniques, using Luc, GFP, and
SEAP. mRNA copy number per cell ranging 103 to 107 showed a log-
normal distribution for both externally introduced reporter genes
and internally expressed genes. We succeeded to extend the appli-
cability of single-cell analysis system to detect very high copy
number of mRNA. The ﬂuctuations in the gene expression was de-
creased as increasing the number of cells picked but not decreased
as increasing mRNA copy number per cell. The R value between
mRNA and protein expression at the single-cell level was much
lower than 1.00, which might reﬂect the degradation rate of the re-
porter proteins.
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